The controlled synthesis of smart multicomponent copolymers can afford new insight into structure-property correlations. Given the lack of CO 2 and O 2 dual-gas-responsive star polymers, this study is focused on the facile synthesis and properties of multiresponsive ABC star quaterpolymers. The "core-first" strategy was adopted to generate P(ATL-co-NIPAM)-arm-PCL-arm-PDPA stars, followed by tandem amine-thiol-ene conjugation to construct the desired stars bearing O 2 -/oxidationresponsive and hydrogen bond-switchable Y junctions. Upon composition change, pH switching, gas bubbling and oxidation, the copolymer solution tended to show different cloud points. Furthermore, the sizes and morphologies of copolymer assemblies were strongly dependent on chemical composition and thermal, pH, CO 2 , O 2 and oxidative stimuli, and abundant morphologies such as large compound micelles, hyperbranched micelles, disk-like micelles, spindle-like micelles, ellipsoidal micelles, and multicompartment vesicles could be formed under distinct conditions. Our study affords a promising yet straightforward approach to construct multicomponent miktoarm star polymer, and the composition-/stimulidependent thermoresponsive and aggregation behaviors of these polymers pave the way for multipurpose applications.
Introduction
The precision synthesis of complex macromolecular architectures has attracted much attention in polymer science. To reveal the relationships among composition, topology, and properties, a wide range of polymers with controlled molecular weight, tunable compositions, and tailored functionalities have been synthesized. Compared with linear copolymers, nonlinear polymers such as star, graft, and branched polymers have more intriguing physicochemical properties and are more promising for applications in functional materials [1] [2] [3] [4] [5] [6] [7] . Among these nonlinear polymers, multicomponent miktoarm star (MMS) polymers [1] [2] [3] [4] [5] comprising a central core and at least three types of chemically different arm segments are ideal candidates to realize complex supramolecular assemblies, unique properties and prospective applications [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . The introduction of incompatible compositions into MMS polymers can induce the development of hierarchical microphaseseparated structures, leading to the formation of promising multiphase materials via a "bottom-up" approach. Thus far, versatile methods such as the "arm-first", "core-first", "coupling-onto", iterative, and modular approaches have been developed to obtain MMS polymers [1] [2] [3] [4] [5] . More recently, we developed a new strategy, named "enhanced compositions with reduced miktoarms", to construct MMS polymers [21] . In contrast to approaches involving normal MMSs bearing different compositions in each arm, this strategy adopts copolymerization to enhance the compositions in the arm segments. Moreover, additional on-demand functionalities can be efficiently introduced into MMS polymers by postpolymerization modification (PPM) involving thiolactone chemistry [22] [23] [24] . The strategy can act as a promising platform to construct multifunctional MMS polymers since it allows the facile synthesis of hundreds of star copolymers from the same reactive precursor.
These authors contributed equally: Xiaoqi Zhao, Jian Zhang On the other hand, increasing efforts have been devoted to smart materials for versatile applications [25] [26] [27] [28] [29] [30] . Amphiphilic (co)polymers comprising a stimuliresponsive segment or functionality can selectively respond to external stimuli such as temperature, pH, redox, light, and gas, leading to precise control over the sizes and morphologies of self-assembled nanoparticles. Among these types of stimuli, enormous attention has been paid to stimulation with abundant and ecofriendly gases such as CO 2 and O 2 , and the completely or partly reversible features of gas-responsive polymers provide promising bioapplications. In general, CO 2 can react with amines to form protonated segments with electrostatic interactions (EIs) [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] , and O 2 can interact with fluoro-bearing polymers via special van der Waals interactions between O 2 molecules and C-F bonds [38] [39] [40] [41] [42] [43] [44] [45] [46] . The improved hydrophilicity allows the cloud point (T c ) and morphology of copolymer assemblies to be adjusted. Although some CO 2 and O 2 dual-gas-responsive systems formed from linear copolymers have been reported [38] [39] [40] [41] [42] [43] [44] [45] , CO 2 /O 2related multiresponsive MMS polymers have not been reported thus far. Given their branched architecture and unique interactions among distinct arm segments, MMS polymers are expected to exhibit more complex phase transitions and self-assembly behaviors than those of linear copolymers. In this context, it is extremely important to construct MMS-based dual-gas-responsive systems and systematically investigate the influence of external stimuli on their physical properties.
Considering that examples of smart polymers responsive to five and six different kinds of stimuli are very limited [30] , this study aims to synthesize and characterize multiresponsive MMS polymers sensitive to CO 2 and O 2 . To this aim, multifunctional 2-bromoisobutyrylamido-3-hydroxypropyl 4-(benzodithioyl)-4-cyanopentanoate (BHBCP) [21] was adopted to synthesize four examples of poly(N-acryloylhomocysteine thiolactone-co-N-isopropylacrylamide)-armpoly(ε-caprolactone)-arm-poly(2-(diisopropylamino)ethyl methacrylate) A′BC-type star copolymers (abbreviated as P(ATL-co-NIPAM)-arm-PCL-arm-PDPA, P 2 -P 5 ) with different PDPA segment chain lengths via the "core-first" method, followed by tandem amine-thiol-ene conjugation using 2-aminoethanol (AE) and N-(2,2,2-trifluoroethyl) acrylamide (TFEAM) to generate P(TAHB-co-NIPAM)arm-PCL-arm-PDPA ABC-type stars (P 6 -P 9 ) bearing multifunctional Y junctions derived from 4-(2-(2,2,2-trifluoroethylcarbamoyl)ethylthio)-2-(acrylamido)-N-(2-hydroxyethyl)butanamide (TAHB) units (Scheme 1). The desired MMS polymers were composed of thermoresponsive NIPAM units, O 2 -/oxidative-responsive and hydrogen bond (HB)switchable TAHB units, pH-/CO 2 -responsive PDPA segments, and biodegradable PCL segments. In addition, the presence of amine and thioether groups facilitated versatile coupling reactions with other chemicals. On this basis, the target stars and their precursors were fully characterized, and the thermoresponsive and aggregation behaviors of various ABC assemblies in response to external stimuli were investigated. This study offers a robust method to synthesize smart MMS polymers responsive to five stimuli including dual gases, which further extends the application of thiolactone chemistry to the construction of Y junction-bearing topological polymers. Moreover, insight into the correlations among structure, stimuli and properties can promote the on-demand applications of star polymers in advanced functional materials. 
Results and discussion

Synthesis of P(ATL-co-NIPAM)-arm-PCL-arm-PDPA stars
The "core-first" strategy was adopted to obtain the desired A′BC stars via a three-step synthesis. Starting from BHBCP bearing alkyl bromide, dithiobenzoate and hydroxyl groups, RAFT copolymerization of ATL and NIPAM at 70°C and ROP of CL at 105°C were consecutively conducted to generate a P(ATL-co-NIPAM)-b-PCL diblock copolymer [21] , followed by a radical-induced addition-fragmentation reaction using excess AIBN to remove the terminal dithiobenzoate group (run 1 in Table 1 ). For the isolated A′B-type diblock copolymer P 1 lacking the RAFT moiety, the numbers of the different monomer units given by 1 H NMR analysis were 18 (ATL), 75 (NIPAM) and 30 (CL). On this basis, four examples of A′BC-type stars P 2 -P 5 were synthesized by ATRP of DPA initiated with the P 1 macroinitiator using the CuBr/PMDETA catalyst system for different times, and the results are summarized in runs 2-5 in Table 1 . Taking the synthesis of P 4 as an example, ATRP performed in DMF at 70°C for 18 h afforded P 4 in 77% conversion (run 4 in Table 1 ). In the 1 H NMR spectrum ( Fig. 1 ), characteristic signals of the PDPA segment were noted at 3.83 (CH 2 O), 2.99 (CHN), 2.63 (CH 2 N) and 1.01 ppm (NCH(CH 3 ) 2 ). By comparing the integral areas at 2.99 ppm (CHN of PDPA) and 3.1-3.5 ppm (CH 2 S of ATL unit), the degree of polymerization of the PDPA segment was deduced to be 38 (DP PDPA = 18I 2.99 /I 3.1-3.5 , where 18 denotes the number of ATL units). Careful inspection of the 13 C NMR spectra of P 1 (Fig. S1 ) and P 4 ( Fig. S2) 
). The molecular weights of P 4 given by 1 H NMR analysis (M n,NMR = 23.5 kDa) and GPC-MALLS (M n,LS = 24.0 kDa) were roughly comparable, and both of them were close to the theoretical value (M n,th = 23.6 kDa). The GPC trace exhibited a monomodal distribution with relatively low dispersity (Ð = 1.21, Fig. 2 ). The GPC trace of P 4 completely shifted toward a higher molecular weight than that of P 1 , and the signal at 1.94 ppm (C(CH 3 ) 2 Br of P 1 ) disappeared after polymerization, confirming the efficient initiation of the macroinitiator. In the FT-IR spectrum of P 4 (Fig. S3b ), characteristic absorbance bands appeared at 1726 (ν C=O of ester groups), 1647 (ν C=O of amide groups), and 1540 cm -1 (δ N−H of amide groups). Similarly, other A′BC-type stars, namely, P 2 , P 3 and P 5 , were synthesized by stopping the polymerization at 5, 9, and 30 h, respectively. Based on 1 H NMR analysis ( Fig. S4 ), the DP PDPA values of the isolated stars were approximately 12 (P 2 ), 22 (P 3 ) and 50 (P 5 ).
These results indicated the successful synthesis of ABCtype star quaterpolymers. The straightforward synthetic Table 1 Results for synthesis of P(ATL-co-NIPAM)-b-PCL (P 1 ), P(ATL-co-NIPAM)-arm-PCL-arm-PDPA (P 2 -P 5 ) and P(TAHB-co-NIPAM)arm-PCL-arm-PDPA (P 6 -P 9 ) copolymers a
Run
Sample Initiator (I, runs 1-5) or precursor polymer (P, runs 6-9) c Monomer conversion (C, runs 1-5) or yield (Y, runs 6-9) determined by gravimetry d Theoretical molecular weight e Apparent molecular weight (M n,GPC ) and dispersity (Đ) given by GPC (run 1), and molecular weight (M n,LS ) and dispersity determined by GPC-MALLS (runs 2-9) f Number-average molecular weight determined by 1 H NMR analysis strategy allows the direct growth of different arm segments from the initiating sites of the multifunctional core reagent and thus enables the robust synthesis of 3-arm star copolymers without further purification to remove the potential low-component impurities obtained from other strategies.
Synthesis of P(TAHB-co-NIPAM)-arm-PCL-arm-PDPA stars
Tandem thio-bromo click and amine-thiol-ene conjugation reactions were used to synthesize ABC-type stars P 6 -P 9 bearing multifunctional Y junctions (runs 6-9 of Table 1 ). The presence of a terminal bromide functionality was liable to disrupt the subsequent Michael addition reaction due to the thio-bromo reaction, leading to the formation of architectural polymers bearing cyclic or branched structures. Therefore, a thio-bromo click reaction using BuSH was chosen to remove the ATRP moiety. The end-capping reaction was initially conducted in DMF at room temperature for 12 h. Afterwards, 2-aminoethanol was added to the mixture under nitrogen to perform the aminolysis of the thiolactone functionalities, followed by thiol-acrylamide Michael addition using excess TFEAM to construct Y junctions. After purification, four examples of ABC stars were isolated in quantitative yield.
In the 1 3 of PNIPAM); and 3.85, 3.00, 2.63, and 1.01 ppm (CH 2 , CHN, CH 2 N and NCH(CH 3 ) 2 of PDPA). In the 13 C NMR spectrum of a typical ABC star (Fig. S6 ), the signals of the thiolactone units disappeared, and novel signals Fig. 2) . In the FT-IR spectrum (Fig. S3c ), characteristic absorbance bands appeared at 1726 (ν C=O of ester groups), 1638 (ν C=O of amide groups), and 1555 cm -1 (δ N−H of amide groups).
The aforementioned results confirmed the efficient synthesis of ABC stars via versatile PPM. The resultant Y junctions had hydroxyl and amide groups related to hydrogen bonding interactions, thioether moieties amenable to oxidative and coupling reactions, and O 2 -responsive trifluoroethyl groups. Given the abundant sources of amines and vinyl monomers, thiolactone chemistry can act as a powerful platform to construct ABC-type star quaterpolymers containing a wide range of Y junctions. Compared with the conventional synthetic method using a presynthesized Y junction-bearing monomer [41, 44] , the robust strategy used in this work has some advantages, such as rationally designed compositions, on-demand functions, and versatile thiol-based linking chemistry.
Thermoresponsive behavior of ABC aqueous solutions
As "all-in-one talent" copolymers, ABC stars are expected to be responsive to five kinds of external stimuli, namely, heat (NIPAM unit), pH and CO 2 (PDPA segment), O 2 (trifluoroethyl group), and oxidation (thioether linkage), and the tertiary amine and thioether groups can be further converted into more hydrophilic ammonium and sulfonium sites via reaction with an alkyl halide. In addition to their responsiveness to O 2 and oxidative stimuli, each Y junction comprises one hydroxyl moiety and multiple amide groups related to HBs. When ABC stars are dispersed in water, the typical interactions primarily involve HBs, EIs between protonated DPA units, and hydrophobic association. The types and strengths of HBs are prone to change in response to external stimuli, where the hydroxyl groups act as HB donors and the ester and tertiary amine groups function as HB acceptors, while the amide groups and the solvent can behave as either donors or acceptors. To reveal the role of chemical composition and various stimuli in the lower critical solution temperature (LCST)-type phase transition, the thermoresponsive behaviors of ABC aqueous solutions (c p = 0.50 mg mL -1 ) were investigated.
First, the influence of pH and chemical composition on thermoresponsiveness was studied. The pH of the copolymer solution obtained in pure water under nitrogen was 7.1, and pH values of 3.0 and 10.0 were chosen to reveal the effect of acidic and basic environments. Based on the equation P = 1/(1 + 10 pH-6.5 ) (where 6.5 denotes the pK a of PDPA), the degree of protonation (P) of the DPA units was calculated as 100% (pH 3.0), 20.1% (pH 7.1), and 0% (pH 10). It can be seen that the PDPA segment was fully protonated at pH 3.0, concurrently protonated and deprotonated at pH 7.1, and completely deprotonated at pH 10. As determined by turbidity (Figs. 4, S8 and S9) and DLS (Fig. S10) analyses, ABC solutions usually showed LCSTtype phase transitions at different pH values. As the DP PDPA increased from 12 to 50, the T c of the copolymer assemblies at pH 7.1 gradually decreased from 56.0 (P 6 ) to 35.6°C (P 9 ) due to the increased hydrophobicity. With increasing pH, the cloud point of the various stars was liable to first decrease and then increase (Table S1 ). For instance, the T c of P 8 gradually decreased from 59.6 (pH 3.0) to 49.4°C (pH 7.1) and then continuously increased to 69.0°C at pH 10 ( Fig. S9) . At pH 7.1, the D h values of the P 8 assemblies gradually dropped from 255 nm at 25°C to 147 nm at 47°C, followed by a continuous increase to 266 nm at 70°C
, where the temperature corresponding to the minimum D h (T ≈ 47°C) was close to the cloud point. These results revealed that the phase transition temperatures given by turbidity and DLS analyses were roughly comparable. As expected, the copolymer solutions exhibited an increased T c under acidic conditions due to the improved hydrophilicity originating from protonation of the PDPA chains, where HBs and EIs were concurrent. However, the T c values under basic conditions tended to increase with increasing pH, and the P 6 solution at pH 10 lacked detectable phase transitions from 20 to 90°C (Fig. S8) , which was remarkably different from the behavior observed in normal tertiary aminebearing thermoresponsive polymers. This phenomenon could be attributed to unique pH-dependent interactions resulting from the special compositions and topology of the star copolymers. At pH 7.1, the protonated PDPA segment was liable to form EIs and HBs between the tertiary amine and water due to charge repulsion, and the P(TAHB-co-NIPAM) segment offered thermally switchable intra-/ interchain HBs, where the HBs could be broken at a relatively low temperature. As the solution pH was increased to 10, the deprotonation of the PDPA segment tended to form more stable HBs among the tertiary amine, hydroxyl, and amide groups, and anion-dipole interactions between OHand amide groups were further strengthened under basic conditions [47] ; hence, the dehydration process of the NIPAM units increased to a much higher temperature (ΔT c = 19.6°C). Second, the dependence of the phase transition of the P 8 solution on CO 2 and O 2 bubbling was revealed. By virtue of gas switching, CO 2 bubbling of tertiary amine-based polymers is able to induce the formation of fully hydrophilic aqueous solutions up to~100°C, while O 2 bubbling using fluoro-bearing polymers can raise the cloud point up to 30°C. In addition, the solutions can be purged with inert N 2 to trigger complete or partial recovery of the original copolymer solution, and the active/inert gas bubbling cycles are usually repeatable. When CO 2 bubbling was implemented, the solution pH gradually dropped to a minimum value of 4.2 in 5-10 min, and the cloud point of the P 8 solution slightly increased by 3.0°C. Compared with those of other tertiary amine-bearing systems, the enhanced T c was relatively limited, which could be ascribed to the simultaneous influences of HBs and EIs. As the solution pH varied from 7.1 to 4.2, the EIs were significantly enhanced due to the increased degree of protonation, while the HBs related to the protonated PDPA chains were pronouncedly weakened; hence, the waning and waxing of these mutual interactions only led to slightly improved hydrophilicity. In contrast to CO 2 bubbling, O 2 bubbling could induce a more pronounced increase in the phase transition temperature. As the P 8 solution was purged with O 2 for 30 min, the T c value drastically increased from the initial temperature of 49.4°C to higher than 68.6°C, although the solution pH remained constant. The interaction between O 2 and the trifluoroethyl moiety could promote the solubility of O 2 in water, and more water molecules could interact with the TAHB units via HBs. The bound water in the Y junction favored the formation of more stable HBs and shielded the amide groups from dehydration upon heating. Consequently, the phase transition took place at a higher temperature in the presence of O 2 than in the absence of O 2 .
Finally, the thermoresponsiveness upon oxidation of the thioether linkages was explored. The copolymer solution was subjected to oxidation using 100-fold H 2 O 2 , and then excess oxidizer was removed by dialysis. A portion of the oxidized star polymers were recovered by lyophilization, and the formation of sulfoxide and sulfone groups upon oxidation was evidenced from the appearance of absorbance bands at 1031 (ν S=O ), 1207 and 1369 cm -1 (symmetric and asymmetric stretching of the -SO 2 -groups) in the FT-IR spectrum (Fig. S3d) [47, 48] . Based on turbidity analysis ( Figs. 4 and S11) , the transmittance of the copolymer solutions following oxidation slightly fluctuated with increasing temperature, revealing the lack of thermoresponsiveness. These results were in good accordance with the redox-induced absence of an LCST-type phase transition noted in some other cases [47, 48] , indicating that oxidation could lead to a remarkable elevation in hydrophilicity. As HB acceptors, sulfoxide and sulfone groups could efficiently interact with the solvent as well as amide/ hydroxyl groups, and the number of intra-/intermolecular HBs related to the Y junctions was significantly enhanced and remained stable during heating.
These results revealed that the thermosensitive behaviors of ABC solutions could be efficiently controlled via switching the chemical composition and adopting external stimuli. By changing the solution pH and composition, bubbling with a specific gas (N 2 or O 2 ) and applying an oxidative stimulus to convert the types of linking groups, the T c values could be tuned within a wide temperature window.
Influence of chemical composition and external stimuli on the self-assembly of ABC stars
It is well documented that miktoarm stars can exhibit aggregation behaviors different from those of linear block copolymers [2, [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . When multifunctional Y junctions are introduced to augment the compositions and functions of the star polymer, the self-assembly process should become more complex due to the increase in branched architecture, functions, and compositions. In addition to amphipathy, the types and strength of mutual interactions can play critical roles during aggregation [28, 49, 50] . In response to pH, CO 2 , O 2 , and oxidative stimuli, the amphipathy of the P(TAHB-co-NIPAM) and PDPA segments was liable to change, leading to variations in the hydrophilic mass fraction (f h ), and mutual interactions involving HBs and EIs. Therefore, the size and morphology of the nanoparticles are potentially tunable by applying distinct stimuli. In this study, a solvent-switch method was adopted to prepare ABC assemblies (c p = 0.50 mg mL −1 ), and then the influence of a single stimulus or dual stimuli was investigated. To this end, the solution pH of various assemblies was switched to 3.0 and 10 to explore the influence of pH and chemical composition, the morphologies of P 8 assemblies at 25 and 60°C were compared to reveal their thermoresponsiveness, and gas bubbling and oxidation were adopted to understand the roles of interactions and chemical compositions.
First, the roles of pH and temperature in the aggregation of P 8 were studied. For P 8 assemblies formed in pure water (pH 7.1), the hydrodynamic diameter (D h ) and particle size distribution (PD) given by DLS were 255 nm and 0.096, respectively (Fig. 5) . Upon pH switching, the D h /PD values became 380 nm/0.612 (pH 3.0) and 269 nm/0.155 (pH 10).
Bimodal (pH 3.0) or monomodal (pH 7.1 and 10) distribution was observed in the DLS plots, and the peak sizes (D peak ) of the aggregates formed at pH 3.0 appeared at 115 and 463 nm. The mass fractions of P 8 given by 1 H NMR analysis were 12.5% (PCL), 30.9% (NIPAM units), 25 .6% (TAHB units), and 29.6% (PDPA). By assuming that the Y junctions were hydrophobic, the f h values at 25°C were deduced to be~60.5% (pH 3.0), 36.8% (pH 7.1), and 30.9% (pH 10). TEM images indicated that the copolymer assemblies were mixtures of large compound micelles (LCMs) and spherical micelles (pH 3.0, Fig. 6a ), vesicles (pH 7.1, Fig. 6b ), and LCMs (pH 10, Fig. 6c ). Although a suitable f h value (35 ± 10%) of linear copolymers usually induces the formation of vesicles, the morphology at pH 10 deviates from the empirical parameter due to the more complex packing style of the star copolymers. In pure water, concurrent HBs and EIs induced P 8 to form vesicles, where hydrophobic components such as the PCL units, the deprotonated PDPA units, and some of the TAHB units acted as the membrane and the hydrophilic NIPAM units, the protonated PDPA units and some of the TAHB units were located at the inner and outer sides of the vesicles. At pH 3.0, the complete protonation of the PDPA segments further strengthened the EIs and induced microphase separation, and thus, the hydrophilicity was drastically increased. The synergy between the EIs and HBs led to the formation of spherical micelles and their aggregates. At pH 10, the hydrophilic OHions could interact with the polar amide groups via anion-dipole interactions, the number of PDPA-related HBs was increased due to the full deprotonation of the PDPA chains, and the increase in mutual interactions further drove the formation of LCMs with densely packed chains. Considering that the T c values were 59.6 (pH 3.0), 49.4 (pH 7.1), and 69.0°C (pH 10), copolymer assemblies formed at a fixed temperature (T = 60°C) were observed. As the temperature was increased from 25 to 60°C, the average sizes were liable to increase (D h = 253 nm at pH 3.0 and 226 nm at pH 7.1) or decrease (D h = 302 nm at pH 10), and a bimodal distribution with D peak values of 126 and 345 nm was observed under basic conditions, where the PD values ranged between 0.140 and 0.293. TEM images confirmed the morphological transitions upon heating, and the corresponding morphologies obtained at 60°C were hyperbranched vesicles (HBVs, pH 3.0, Fig. 6d ), LCMs with irregular shapes (pH 7.1, Fig. 6e ), and small micelle aggregates (SMAs, pH 10, Fig. 6f ). With increasing temperature, the NIPAM units were prone to partial dehydration, resulting in reduced hydrophilicity and weakened HB interactions. In this case, the copolymer assemblies were subjected to dissociation into small vesicles (pH 3.0) and small micelles (pH 7.1 and 10) to reduce the interfacial energy, followed by reassembly to form thermally stable assemblies via the synergy of HBs, EIs or anion-dipole interactions. Careful inspection of d-f of Fig. 6 revealed the presence of individual small-sized vesicles and micelles in the range of 10-50 nm. Second, the influence of chemical composition on the aggregation behaviors of ABC stars was investigated. The dependence of the D h , PD and typical morphology of various ABC assemblies on DP PDPA and solution pH is summarized in Table S1 . As DP PDPA increased from 12 to 50, the morphology gradually changed from LCMs (P 6 ) to hyperbranched micelles (HBMs, Fig. S12b, P 7 ) , vesicles ( Fig. 6b , P 8 ) and HBVs ( Fig. S12f, P 9 ), revealing the critical role of chemical composition in the determination of morphology. This phenomenon could be ascribed to the influence of the chain length of the amphiphilic PDPA segment on the mutual interactions and packing parameters during aggregation. Owing to the relatively short PDPA chain, P 6 only formed LCMs at different pH values, and the particle sizes were reduced as the pH varied from 7.1 to 3.0 or 10. With increasing chain length of the PDPA segment, pH switching could induce morphological transitions via reassembly. For example, P 7 -based HBMs and P 8 -based vesicles were converted into LCMs (Figs. S12c and 6c) under basic conditions, while P 9 -based HBVs were transformed into HBMs at pH 3.0 ( Fig. S12e ) and mixtures of nanosheets and ellipsoidal micelles at pH 10 (Fig. S12g) . These results indicated that both chemical composition and solution pH could significantly affect the aggregation behaviors of the star copolymer, where changes in the amphipathy and rigidity of the polymer segments tended to induce the reaggregation of copolymer assemblies until thermodynamically stable assemblies were formed.
Third, the dependence of the morphology of the P 8 assemblies on gas switching at 25°C was revealed. For a single gas stimulus, the copolymer assemblies were initially purged with N 2 for 30 min, followed by CO 2 /O 2 bubbling for 30 min. In addition, dual-gas stimuli (labeled with gas 1gas 2) were also adopted to understand the effect of a small amount of the first gas remaining in the system, where the solution was bubbled with gas 1 for 30 min and then purged with gas 2 for 30 min. Upon CO 2 bubbling, the pH of the saturated CO 2 solution was 4.2, and the D h and PD were 294 nm and 0.128, respectively (Fig. S13 ). When the solution was first purged with O 2 for 30 min followed by CO 2 bubbling for 30 min, the solution resulting from exposure to the O 2 -CO 2 stimuli (pH 4.5) exhibited a bimodal distribution by DLS. In response to O 2 -CO 2 stimuli, the D h and PD were 561 nm and 0.335, respectively, and D peak appeared at 221 and 745 nm, respectively. When other gas stimuli were used, a monomodal distribution was observed in the DLS plots, with D h /PD values of 225 nm/ 0.217 (O 2 ) and 288 nm/0.122 (CO 2 -O 2 ). In addition to the changes in size and PD, the gas stimuli could also trigger significant morphological transition. TEM images (Fig. 7) indicated that the resultant P 8 assemblies were vesicles (CO 2 ), multicompartment vesicles (MCVs, O 2 -CO 2 ), mixtures of disk-like micelles (DMs) and LCMs (O 2 ), and LCMs (CO 2 -O 2 ). CO 2 bubbling could accelerate the protonation of the DPA units remaining in the outer layer of the vesicle membrane, and thus, smaller and larger vesicles resulting from reassembly were obtained (Fig. 7a ). O 2 bubbling was liable to increase the hydrophilicity due to the interaction between O 2 and the trifluoroethyl moiety, and the increasing amount of water bound in the Y junctions further strengthened the HB interactions, leading to the formation of a DM/LCM mixture (Fig. 7c ) via nanoparticle fusion. Moreover, the copolymer assemblies obtained under dual stimuli were significantly different from those obtained using a single stimulus, revealing the memory effect of the initial gas. As an O 2 -CO 2 bubbling cycle was adopted, the EIs became stronger due to the elevated degree of protonation of the PDPA segment. Even if the O 2 ···F 3 CCH 2interaction was partly weakened due to the removal of most of the O 2 , it could efficiently bridge the small vesicles to fabricate MCVs via vesicle fusion. In addition, the CO 2 -O 2 bubbling cycle was prone to form densely packed LCMs due to the synergy among HBs, EIs, and F-O interactions, where the remaining CO 2 in the assemblies could enhance the EIs as well as the hydrophilicity.
Finally, the aggregation behaviors of P 6 -P 9 in response to oxidation using H 2 O 2 were observed. Copolymer assemblies after oxidation formed at the same pH usually showed reduced sizes compared to those of assemblies before oxidation (Table S1 and Fig. S14 ). At pH 4.3 (CO 2 bubbling) and 10, a bimodal distribution was noted in DLS plots of the P 8 ′ (oxidized polymer of P 8 ) assemblies, and the PD was broadened. Upon oxidation, the more hydrophilic sulfoxide and sulfone groups formed were able to act as Hbond acceptors to interact with the amide and hydroxyl groups [47, 48] , resulting in enhanced hydrophilicity of the P(TAHB-co-NIPAM) segments. Under acidic conditions, the synergy between HBs and EIs could induce small micelles to form LCMs (Fig. 8a, b) . At pH 6.9 and 10, HBs played a predominant role in the reassembly of the P 8 ′ assemblies, and the increase number of HBs in the Y junctions further bridged small vesicles, followed by vesicle fusion to form MCVs (Fig. 8c, d) . Moreover, an interesting morphological transformation induced by the strengthened HBs among nanoparticles was also observed during oxidation of the P 7 and P 9 assemblies, where P 7 -based HBMs were converted into mixtures of spindle-like micelles (SMs) and LCMs (Fig. S12d) , and oxidation of P 9 -based HBVs led to the formation of LCMs (Fig. S12h) .
Therefore, both composition switching and external stimuli provided approximate control over the aggregation behaviors of ABC stars in aqueous solution. When distinct stimuli were applied, the hydrophilic fraction and chemical composition were changed, and alterations in intra-/intermolecular interactions further induced the reassembly of copolymer assemblies, leading to the formation of a wide range of copolymer aggregates with variable sizes and morphologies. It is expected that more intriguing morphologies can be obtained when three or four types of stimuli are combined in the system. This research paves the way for emerging studies on morphology-functionapplication correlations. 
